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ABSTRACT: An approximate rnc)clel  was developeci  to establish design curves
for the saturation region and a more complete model clcveloped  to characterize
the current-voltage curves for an alpha-particle pressure sensor. A simple two-
parameter current-voltage expression was developed to describe the dependence
of the ion current on pressure. The  parafneters arc the saturation-current
pressure coefficient and j.J/D, the ion mol.) ility/ciiffusion  coefficient. The sensor is
useful in the pressure range between 0.1 and 1000 mb using a l-pCi 241Am
source. Experimental results, taken between 1 ar~d to 200 mb, show the sensor
operates with an anode voltage c]f 5 V and a sensitivity c)f 20 fA/mb  in nitrogen.

1. INTRODUCTION: This work is motivated by the neecl to measure the Martian
pressure which is seen as critical to rnocleling  its atmosphere [1]. The
atmospheric model requires many pressure scnsc~rs clistributed  over the surface
of Mars thus providing a measure of the pressure field. The deployment of such
a network of pressure sensors reciuires that sensors survive a hard landing of
about 7400 g’s, be small and light, and operate at low power and low temperature
of 150 K. The prototype device described here is the first pressure gage to
operate from a 5 volt supply. “l”his  at(ribute is very important for low power
operation.

The use of radioactive isotopes for generating ion currents to measure pressure
was first demonstrated in the late 1940s  by Downing anti Mellen  [2] and Dick,
Falk-Vairant  and Rossel [3]. ?hc  early  gages operated at  high voltages
(sometimes in the kilovolt range), used rather large iorl sources (sometimes in
the Ci range), and had sensitivities in excess of a pA/mb [4].

The prototype sensors, fabricated in this study, were operated with a low source
strength (1 pCi)  and low voltage (<5 V), 1 he size c)f the ctlamber can be small; the
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prototype has a linear dimension of 2 en]. Since the gage has no moving parts or
suspended filaments, it is rc]bust.  Ihesc characteristics make this gage suitable
for transport to the surface of Mars via a hard lander where the gage will
operation from 150 to 325K and from 3 tc~ 15 mb in a COP atmosphere.

2. SENSOR OPERATION: This detectc}r utilizes the ability of alpha particles to
ionize gas molecules which subsequently drift in an electric field to a cathode
that is connected to a current detection device. The configuration for this
pressure sensor is shown in Fig. 1. It] this arrangement, the alpha source is
grounded anti the anode is held at a positive pc]tential.  The cathode is connected
directly to the input pin of an operational alnplifier. Such an arrangement is
intended to allow the measurement of sub pA c:urrents.

The measurement principle is illustrated graphically in Fig. 2, which shows the
reduction in alpha particle energy as the alphas traverse the ionization chamber
filled with air at pressures ranging from 100 to 1000 mb, “The chamber consists of
an alpha particle source Iocateci at x = O and a harrier (anc)de in this case) located
at x = H = 50 mm. The barrier can be a physicai barrier such as metal plate or it
can be an electric field. This

As the alphas traverse the
charged ions. The average
molecule is about 30 eVlion

point will ciiscusscd  later in the experiment section.

chamt)cr,  they ic)niz.e the gas, creating positively
energy lost by all alpha particle in ionizing a gas
pair. Literature values for the average energy for a

number of gasses is listed in Table 1, This means that a 3 MeV alpha particle can
create 100,000 ions.

Another feature of the detector is the separation of the positively charged ions
from the eiectrons by the electric field  it] the chamber. Positively charged ions
drift in the direction of the electric field anti electrons drift in the direction
opposite to the electric field. Roth  ions or electrons may be measured by
changing the sign of the potential on the anc)de relative to the cathode.

3. DESIGN CURVE DERIVATION: in this sectiotl a set of curves are developed to
guide the design and operatiot) of the prc!s.sure sensor. “These curves are based
on the assumption that the sensor is ol)erateci  in saturation where the eiectric
field is high enough so that the positively charged ions cio not recombine before
the ions reach the cathode. The saturation re{giot~  is determined as that portion
of the curve where the ion current
saturation, the ion current measurcci

l=(~(El-

does not [iepenci  on the anode voltage, in
at the cathode is given by:

E2)NC”SAN (d)
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where q is the electronic charge, E~ is the initial alpha particle energy as it enters

the chamber, E2 is the alpha energy at the barrier, S is the number of alpha

particle disintegrations/pCi/s or 3.7x104/pCi.s, Nc is the alpha source activity in

pCi, and W is the average alpha energy Ic}st per ion pair created.

The key feature of this pressure sensor is that the alpha particles must reach the
barrier with a finite amount of energy; that is, at H, E2 cannot be zero. If the

alphas reach end-of-range before reaching ttie k}arrier,  then all their energy is
deposited in the chamber and the ion cllrrent will be constant independent of the
pressure. This is illustrated in F“ig. 2 for the 800 and 1000 mb pressure curves, In
order to measure these pressures, the barrier shclwn at 50 mm must be placed at
a distance no greater than about 35 tnrn.

The functional dependence of the ic)n c:urrent  is derived by approximating the
alpha range-energy curve for alphas in air and C02 [7] is shown in Fig. 3 for

standard temperature and pressure (S1-l)).  The alpha range at STP is Ro. In the

following analysis, the range-energy curve was approximateci  using:

E.i/if ~ (Ri/Rf)n (2)

where n, Ef and Rf are fitting parameters, Ei is the alpha energy, and Ri is the

alpha range. As determined from Fig. 3, values for n range from 0.5 to 1.

The energy difference found in Eel. 1 is analyzed using Et{. 2:

E1-E~= E= f(F?l/Rf) II - E:f(l<2/Rf)n (3)

where RI and R2 are the ranges for alphas witl~ erlergies  El and E2, respectively.

Since R2 = RI - H, Eq. 3 simplifies for H << RI to:

The ionization gage is a densitclrneter  the: output of which varies with gas species
in the chamber, gas temperature and gas pressure. The Bragg Kleeman rule [8]
relates the alpha range, R, tc) the gas density, p} as fc)llows:

Rqmq  () := po/p (5)



where RIO is the alpha range ancl pC, is the gas clcnsity at STP.  Thus, the energy

difference is:

El - E2 : n.E l-H. p/(RIC,Opo) (6)

This equation shows that the energy difference is proportional to gas density, p.
The density is related to temperature, 1“, and i>ressure, P, through the ideal gas
law expressed relative the stancfarci  temperature and pressure:

p/pC) = (F’/Po)(To/T) (7)

where P. and To are the temperature and pressure, respectively at STP where P.

= 1013.25 mb and To = 273.1(I K. The apprclximate  ic)rl current expression in

saturation is:

1 = c~n”E lSS”NcH”P.Tc,/(W”Rlo  .PoOT)

This expression indicates that the ion current increases linearly

(8)

with NC) H, and P

and inversely with T. It also inc{icatcs that the icln current is species sensitive
through the RI(, and n paramc:ters. The RIO ratio for air and C02 is about 1,6

and is the inverse of the ratio of the respective gas densities listed in Table 1.

4. DESIGN CURVES: The nc}rmalized ion current-pressure design curves are
presented in Figs. 4 to 9 where the parameters El, H, and T are varied about the

target values El = 5 MeV, H : 20 n~tn, at]ci T ‘ 225 K. 1 he design curves were

c a l c u l a t e d  u s i n g  Eq, 1 whcrw W = 32.9  eV/pair,  q = 1.6x10  -19 C,  and S =

3.7x104/pCi.s.

The energy difference, El - E.2, was determined as follows. First, El was chosen

and RIO determineci  from an approximate alpha particle presented in the

Appendix. Then the
combination of ESqs, 5

range was correc:tcd to the specified T and P using the
and 7:

RI ~“ Rqo(P/Po)(To/T ) (9)

Then R2 was calculated from:

R2 = RI - H
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and transformed to STP using:

R2C) = R;~(Po/P)(T/TC,) (11)

to allow the calculation of E2 using the inverse of the approximation presented in

the Appendix. Finally, the current was calculated using ECI. 1.

An overview of the design space is shown in Fig. 4 where the upper and lower
bound for each parameter is used, This figure indicates that the ion current
increases linearly with pressure up to Ille point where the alphas reach end-of-
range before encountering the barrier (anode). This is inc~icated by the saturation
behavior shown in the figure, When  this cclnclition  is  reached,  pressure
measurements are not possible.

In Figs 5 through 7 an analysis is presented of the influence of H, T and El on the

ion current. In Fig. 5, the current-pressure curves are seen to increase linearly
with the height of the chamber, H. “I_he data indicates that a larger chamber is
needed at lower pressures tcl c~btain more ion current. For low pressures, a
chamber several centimeters in extent is desirable.
chamber could be c)nly several millimeters iri exterrl
construction of very small pressure sensors.

The temperature dependence of the iorl current-press

For higher pressures, the
anti this would allow the

Ire curves, shown in Fig. 6,
indicates that the temperature cioes not affect the ion current as strongly as H.
Thus, temperature has a weaker impact  on the chamber clcsign.

The energy dependence of the current-pressure curves is shown in Fig. 7. This
figure indicates that the ion cl]rrent  ciepends  strongly on the alpha particle
energy. When the curves saturate or appear horizontal, the alpha particles reach
their end-of-range before striking the anode. As rncntioned  before, no pressure
measurement is possible in this region. The ion current dependence on alpha
energy is explc)red  further in l“ig. 8, These results indicate that the ion current
has a maximum at certain alpha energies. Ttlese curves are important in mass
producing these units; they indicate that inciividual  units must be calibrated since
source variations are typically 10 percent.

5.  EXPERIMENTAL. RESUL1”S:  [;xperirnental  results were obtained using an
ionization gage as depicted schematically in Fig. 1. The height of the chamber is

H = 20 mm. A l-pCi alpha particle 241Am source, was placed beneath the
cathode, The anode was biaseci both positively anti negatively with respect to
the cathode. The cathode was connecteci  tc) ari CIPA111 operational amplifier.
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The chamber pressure was measur-eci with a Granville-Phillips Convection.
During measurements, the chamber was filled with nitrogen.

The current-vcdtage  curves for the sensor are shown in Fig. 9 for both positive
and negative biases on the anoc!e. l-he current is due to positive ions when the
anode is positive and the current is dUe to electrons when the anode is negative.
The offset at zero volts is probably due to stray fields caused by surface
charging of insulators in the ionization chamber. The curves were observed to
saturate at higher voltages for positive bias than for negative bias.

The ion current-pressure curve is showti  in Fi<g. 10 for an anode voltage of Va =

5V. The fit to the data indicates that the current sensitivity to pressure is 18.8
fA/mb.  The pressure range shown in Fig. 10 is the range expected for the Martian
environment.

6. ION CURREENT MODEL: The model used above was limited to the saturation
region in order to describe the current-pressure behavior. In this section a model
is developed for the ion current-voltage behavior between the linear and
saturation re{gions. A comprehensive model for the ion current-voltage behavior
is available [9] but its solution is tlumcrical. Irr this effort, an analytical one-
dimensional solution is derived that reveals the influence of physical parameters
on the ion chamber current-voltage behavior. This problem is similar to the drift
and diffusion of minority carriers in a uniformly illuminated semiconductor
described by Sze [10].

In this model the operation of the chamtler is ;issumed  to be in or near the high
field saturation region where the electron concentration can be neglected since
the electron mobility is about 1000 times larger than for ions. The model is based
on a planar geometry chamber where the charge  generation is uniform and an
electric field is imposed along the pc]sitive x-axis of the chamber. The chamber
has uniform recombination and tt~c recombination process is proportional to the

positive ion density, p (#/cm3).  The  continuity equation for the current density, J

(A/cm2),  is:

\/”*l  ~ c~((; - p/1) (12)

where ~ is the recombination lifetime (s), q is the electronic charge (C), and G is

the ion generation rate (#/cm3.s). The transport through the chamber is governed
by an electric field drift component anti by a diffusion component so the ion
current density is:

J = qpp,5 . q[:ldpldx (13)



where p is the ion mobility (cn]~/V.  s), s is the electric field  (V/cm), and D is the

diffusion coefficient (crn2/s). For tt~is p l a n a r  g e o m e t r y ,  s = Va / H .  T h e

combination of Eqs. 12 and 13 leads to tile ciiffcrential  equation for the chamber:

- D-Ci2p/C{X2 + pS”(jp/dx + p/~ = G (14)

The solution for p is the sum of the steady state solution and the transient
solution and the boundary conditions where ~) = O at x = O and x = H. The ion
density is:

p = GZ [1 + Kq.exp(rlx) + K2.exp(r2x)l (15)

I where RI, R2, Kl, and K2 are listed in Tat)le  2, 1 = ~(D.z)  is the diffusion length, M

= p/D is the Einstein relation, and H is the heigt~t  c)f the ct~amk)er,

The normalized ion density is shown graphically in Figs. 11 and 12 for various
values of L’ and 5 where the normalized diffusion length is L’ = 4( Dz)/H, the
normalized electric field is s ‘ = pVa/D,  anti the normalized distance across the

chamber is X’ = x/H. An inspection of Fi{},  11 reveals how the normalized electric
field influences the ic>ns as they traverse the than-lber between the anode located
at X’ = O and cathode located at X’ = 1. An inspection of Fig. ’12 reveals how the
normalized diffusion length affects ttle ions as they traverse the chamber. Notice
that the current flow is dominated by drift in the center c)f the chamber and by
diffusion at the edges of the chaml]er, This observaticm  will be used later to
explain the experimental results.

The current that can be extracted from the chambw at the cathode is given by the
slope of the concentration at the cathode. Ttle  current clensity at the cathode
was derived by evaluating Eq. 15 at x ‘= H where p = O:

I J = -qDdp/dxlx=H  = -qGL2(pS/2D)”[s~  Klcxp(rlH) + s2K2exp(r2H)] (22)

where S1 and s~ are listed in l’able 2. Tt~e current-voltage curves, shown in Fig.

13, indicate how recombination affects the curves through the L’ parameter. The
curves do not intersect J’ = J/qGH  = O at S’ = O because of the simplifying
assumption that the electron density is negligible.

Further analysis of the current-voltage data prcsenteci  in Fig. 9 is now possible,
The simplification of Eq. 22 as S’ approaches infinity Icacjs to:
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1/1 = (1/1~)[1 +-l/( M”Va)] (23)

,*

where M = p/D, 1.s = qGA}{  is tlm saturation ion current and A is the area of the

chamber normal to the direction of the electric field. The  form of this equation
was also used to analyze other ion chamber data [1 1].

The pressure dependence cjf each  parameter was introduced into Eq. 23 using
the work of von Engel  [12]. 1“11(: pressure dependence of the saturation current
is:

Is = Kg”P (24)

where Kg is the saturation-current pressure coefficient. The pressure

dependence of the icm mobility is:

p = Km/P (25)

where Knl is the mobility pressure coeflicicnt. The pressure dependence of the

diffusion coefficient is:

D = Kd/p (26)

where Kd is the diffusion-coefficient pressure coefficient. The substitution of

Eqs. 24 to 26 into Ec~. 23 leads tcl the fitting equation:

(27)F)/l = [l/KCl:] -+ [l/( MsKg)]/Va

The current-voltage characteristic shc)wn in Fig. 9 is replotted in Fig. 14. The
plotted voltage is the measureci  voltage minus an offset voltage found from Fig. 9
at I = O. After each curve in Fig. 14 was fitted with Ec~. 27, the Kg and M

parameters were extracted and arc Iistccj in Table 3. l-he pressure dependence of
these parameter is shown graphically in Fig. 15.

In Fig. 14, notice that the curves converge to a single value at I/Va = O which is

I/Kg. AS seen  from Table 3, the average value for Kg is 22.4 fA/mb which is close

to the value of 18,8 fA/mb Iisteci in Fig. 10. As seen in Fig. 15, the Kg parameter

has no pressure dependence. This means  that the ion saturation current is well
described by Eq. 24.

According tc] Eqs.  25 and 26, p/D should not have a pressure dependence, But as
seen in Fig. 15, p/D has a pressure dependence described by:
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logl ORo = no + nl”loglOEl + n~.(log10El)2 + n3-(logl~El)3 (31)

The n-coefficient for alphas in air are st]own  in Fig. 17. The inverse equation is
also needed in the analysis ancl the coefficients for this equation were found by
solving the cubic equation [13]. The p- ancl q-cc] efficients for the inverse cubic
are also shown in Fig. 17.
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Gas
——

Air

‘ 2

‘ 2
CO*

Table 1. Critical Paramc;ters for Selcctecl  Gases

ENERGY, W-
eV/ion  pair

35.0
32.2

36.3

34.3
-... —.—

-—. -. —...-
REI”.

[5]
[5]

[5]

[5]
-—. - .- .- .

.-. —. . .. —.-— —.-—.
ION MOBILITY, p

cm2”atm/V. s.-. ..— .._ ..-. —
. .

..-

2..7

..-

--- ..—
REF.

—
.-
. .

[6]

. .
---, .—-,

DENSITY at
STP, g/cc
—— .—

1.293 E-3
.-

.-

1.977 E-3



Table 2. [~quation Cc]efficients—.———  . . . . . . . ..-- —- —.. — — . _-.__ . . . . . . .
COEFFICIENT

Kd = -[1 - exp(r2H)]/[ixp(  rqH) - exp(r2H)]’

K2 = [1 - exp(rl H)]/[exp(rl H) - exp(r2H)l

rl = sl. MS/2

r2 = s2” ME12

S1 = 1 + @ -t (2/L.lVlS)2]

S 2 := 1- @ + (2/LMS)2]
—. ——— -.. .- --- . . . ..-. —.- .—-. .— .—. .. —— -- . . . .

—.-—
Eq.

(
(

6 )

7)

(18)

(19)

(20)

(21)
.-—



Table 3. Parameters c——..-...—.
DATA

SYMEIC)L.

P4
P3
P2
PI—.— ---- ,-.—.

tracted  from the data of Fig. 14.-—-----
P

“--1-”””--

‘K”~–-
mb fA/mb

199,95 22.85 -

109.31 23.58
53.f]9 21.86

26.66  2 1 . 3 2-- . . ..— .— —-

..—
p/D
AN

1.21
1.75
1.97
2.53——
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Figure 1. Configuration of the alpha-pat-ticlc  gas-pressure sensor where the
distance between the anocle anti cathc)de is t-i.
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mm. For this location only pressures less than 800 mb can be measured,
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